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(54V Method of controfling itiagii^rti^ation easy axj$ if* ferfornagnetsc f Urns using voltage, 

uitrahigh-den^ity, low power, nonvolatile magnetic mfemo^ u&mg the cofitrol inethpd and 
method of writing information on the magnetic memory 



/gv] A method of con trolling a rrTann6flk26i!on easy 
axis 0] a fenoTtiagnGtic iWm, an uilreihigii-density, iow 
p<meK nonvolatile magr^etlc memory using tne ciintmi 
methQcj^ and a rmthodof writing information on the mag- 
netiG jTsemory. The method includes the step of arrang- 
ing ah elcGtriadd layor, a piozocleGtric layer and a mag- 
netic layer In a Isyerod strudure. Thereafter, voltage ts 



applteci to the eledtfode layer to generate ah eiectric 
m± Thereafter lattice ehSifigfe is caused ih the piezo- 
eJeetric feyer using the generated electric field. FinaHy. 
a magnetization easy axis of the magnetie layer is re- 
vcrsibSy switched bet^veen !n-plaai& mci otit-of -plane by 
exertin g stress generated by the tattfce change onto the 
magnetic ^ayer. 
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De^erfption 

BAQKGROUNP OF THE JNVENTIDN 

i;, Rei<i Gf the (rwentiorv s- 

[0GQ1] The presenl invenUGn relai^ generally to a 
method oi controljl n,g a magnetization easy axis m fer- 
romagnetipfihTis uaingvottage an ultrahigh -densit^^ low 
powen rtonvoiatne rnagnette mempr-y usmg the control 
mGihod , and a method of writing informatipR on the mag- 
nctie menior/. 

fOOOiSI Mom particufarly, the present inventioiEi relstes 

to a method of controliing the spin dii'ections or ferro- 
magnetie films using an inyefse magnetostrictive effect ^5 
by applying voltage to a pimm}Bc^x'\c f\\m mslBad of ap^ 
piylng a rnagneiiG field and so exerting iensiie or com- 
pressive stress on magnetlG films, and a method of m\\- 
ing inf ofmatiion on a Magnetie Random Access Memory 
(MF-^AIVI) using vofkge to put the nonvofaUie, high den- 
sity: few power n^agnstfc mennGrv to practical um, 

2. DesGription of the Prior Art 

[0003] Recentiy, a key issue in the field of information 25 
storage t^jchnology is the implementation of an ideal 
nonvolatile information storage device. Promising can- 
didates tor th^ impiementation of such an Ideal nonvol- 
atile Information storage device are a Ferroelectric Ban- 
dbm AccBss Memory (Fef^AMf) using the highnfiharge so. 
spontaneous dipote phenomenoh of a ferroelectric tllm 
and a IVIagnehc Random Access Memoiy (MRAM) using 
a spin poiarizaiion phenomenon. The MBAM is a non- 
volatile magnetic memory device that can compare with 
the Fej=jAM having both the advantage of rapid speed 
of a Static Random Access Memory (SRAM) and the 
advantage of high density of a Dynamic Random Ac- 
cess Memory (DRAM). 

[QG04] In spite of h aving the g reat advantage of non- 
volatility, the ?^ RAM has a difticuity in realizing ultrahigh 40 
integration in that it is difficult to localE2:e an external 
magnetic field with Its suffteJent strength when spacing 
between ceite is reduced and so the deletion of informa- 
tion may be caused by interaction between the spins of 
ceiis. In rnagnetization direction control by applying a 45 
magnette ffeld. the iocalization of the magnetlc f ifeld be- 
comes difficult in Inverse proportion to the size of the 
cell when the spin direction of each eeli is switched to 
store information. That i^, vvheipt a cohventiohai spiiri 
switching driving method using a magnetic field is em- ^ 
ployed, there cceurs a problem in writing information on 
an ultrahigh deni^rty integrated memory in which the si?e 
of cells and spacing between the cells are reduced. This 
Is because the applied magnetic field affects neighbor- 
ing cells that do not need to be spin switched; so record- 
ed bits may be deleted. AdditionaiiV; stared spin direc- 
tions, that is/infomiation. may badeieted by interaction 
between the spfns of cells. AGeordingiy, for the yitrahigh 



density MRAM. it js essential to control spontaneous 
rnagneiizatton drrections without applying a magnetic 
field through current along a metal wire, and it Is neces- 
saiy to eiimiriate an intefTenance effect cause<:j by inter- 
action between recorded spin direcvions. Further in the 
convsnlional MRAM technology, ihe relative spin direc- 
tions of (ixed anci free magnetic Hlms are read by using 
the magnetoresistance effect of tunneling eiecti-ohs 
passing thrQugh an Insulating filrh layer that separ^es 
tile two fefr^^maghetisfilms fr^m each other, so the thick- 
ness of the insulating film must be less than about 1 nm 
It is difficult to deposit the insulating film having a regular 
th ickheiss of 1 hm onto a vvf^f er having a radius of Several 
Inches, so it is a significant shqrtpornjhg of the canvenr 
tlonal ly RAfv/l device. 

[0005] Recently, Ghallenging at1:enrlpt.s have been 
made to conirol magneti7ation directions by applying 
current instead of using an applied magnetic field ac- 
cording to a conventional method- One of these at- 
tenipts i^ the prsdictiDn ol spin switching in a GDmplicat- 
ed layered structure of ferromagnetic/metallic spaeei^^in- 
sulator/ferromagnetic, which is possibly caused by con^ 
trollable exchange coupling, but i§ not expenmentally 
proven yet (refertb You, G. Y. Bader D., Prediction 
of switching rotation of the magnet izsllon direction with 
applied voltage in a eantro liable interlay er exchange 
coupled system, J. Magh. IVlagn. Mater. 195, 488-SOO 
(199^)). Another attempt is the experimentei demon- 
stration ol current- induced gwitehihg; of spin directions 
in Co/Cuy'Co sandwich structures, and such phenomie- 

flowing conduction electrons and magnetization (refer 
to Myers, E. B., Ralph. D. Katine, J, A., Louie, R. N. 

Buhrman, B. A., Current-Induced Switching of Do- 
malhs In Magnetic Multliayer DeviceS: Science 285, 
867 -BTQ (1 999)). Howevej- the latter case has a prob- 
lem in that current to induce spin switching is Usually 
used for measunng Qiant Magnetoresi^tanoe (iGMR) as 
vyeljv 

SUMMARY OF THE INVENTION 

fOOOS] Accordingiy; the present invention has been 
made l<eeping in mind the above probtems; occurring in 
the prior art, and an object of the present invention Is to 
provide a method of controijing spontaneous magneti- 
sation direGtions in ferroniagnetic films oDer ated at room 
temperature by using voltage, and more particularly a 
VGltage-drlven spin switching method in a hybrid system 
of piezoeleGtric/magnetic films using inverse magneto- 
stricti ve and inverse piezoelectric effects, and. a imethod 
of writing information on a nonvolatile magnetic memo^ 
ry, such as a 1^1 RAM , in which 1:28 or more Mbit ultrahigh 
integration is impiemented. 

p)no7j Another object of the present invention is to 
p rovide a mag n etic memory that is advanl ageo us in that 
an insulating thin tilm haying a thickness of about 1 nm 
is not emptoyed, thus efimma^ing the idifflculty of nnianu- 
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factiirinq and improving Ihe y^eld of manutactunng. 
fuOOS] A f yrther object of th e p rese nr inventiQ ri: is to 
provide a method of wfiting information on a magn^jllc 
rnernory which us«s a magnett^atian easy axis an^l so 
and honzontal reiatlve spin ^Irectiom Instead of 
usingoppGsile spin dirscliGns on a single magneilzaiiQn 
easy ajcis, SO: slabie infornnalion slGrage luncuon is pro- 
vided, thus overcoming the cieietion of inforni:atij>n 
caused by a supefparaniagnetisrT) effect occurs 
when the size of ceils reduced, 
fQQrt^t In 0rdar to ^c^compHsii ^^o abova object, the 
present invontian provides a rnelhod of controHing a 
magnetizatiGn easy axis of a forromagnetic filnr com- 
prising the gtsps of ?^rrB:r>ging an ^leeirode layer, a pie- 
2oeioelrie layer and a magnetic layer jn aiayered struc- 
ture; applying voltage to the olectrode layeno generatB 
Bn M&cim field, 'sv^herfi^in me efectric md causes a lal - 
^tee change (expansiori or compression) in tlie piezoe- 
iectric layer, and stress (tensile stress or compressive 
str?;sB) onto the magnetic layer induced by the lattice 
change ytel<3s switching of the magnelizatlon easy ax- 
is between in-plane and otit^of 'plane in a mversible way. 
[0Q101 In accordance with another feature of the 
preseni invention, the piezoelectric Isyer ^s comprised 
of any one selected from the group constetlrig of P^T, 
Pi2J- BLj and SSt which is tolerant of |atigue> 
10011} in acGordanGe with another fealLire of tl^e 
present invention, the piezoeieetnc layer h^is a thick- 
ness equal to or less than ICQ nm, and charge dipole 
polarsation is generated atless tti an several volts #hen 
voltage is yerlically applied, so a nonvolatile, low power 
rn^mdry device ofvwhioh lnjonnation can be wntten with 
low voltage can be manufaetUTed-. In the case where \ne 
piezoeiectric layer has a thickness equal to or iess than 
50 nm. a very low power memory device having a dri^e 
voltage of less than 1 volt can ba manufaclured. 
[001 2} In acGon^ance With an additional feature of the 
pj-<5ggnt ir^^rention, a magnetic elemeat constituting the 
rnagneticiMyerfe comprised of aCoPd alloy. Aiternaieiy, 
the magnetie element rnay bo comprisqdpf aCoFe and 
NiFe alloy, or ternan/ alloy comprised of Mi, Fe and Co 
toaehieveoreatelectrostfiction and magnGtoresisiance 
characteristics. Also, a non-rnagnetie element among 
Pd, Pi, Aii, Cii, Ru, W may be added to the alldy 
r0013] acGordance with an additional feature of the 
present invention, the eleclrode layer comprises melal- 
tic electrode lines made of any one selected from tte 
group consisting of Pt, Pd, Cu, At, Ru and W. 
[QQIA] In accordance with an additionai feature of the 
present mvemit^n, a nonvolatile, ultraii^fn density, low 
power rrTaqnetic memory using a method; of Gontfoliing 
the spin directions of a ferromagnetic film comprises a 
memory eel; array, which includes a piezoeiectric layer 
cnmprised of a pie2:oel8etric element; a free magnetic 
layer disposed on the piezoelectric layer whemfn a 
magnetization easy axis is reversibly switched between 
in-piane and ou^of-pla^s by stress induced by the pie- 
zoeiectfic layer applied yottage: a fixed magnetic layer 



which is disposed on the free magnetic layer and whose 
magnetkation axis \s fixed: and a non-magnetic layer 
interposed between the free magnetic layer and the 
fixed magnetic layer to suppress magnetic fnteractton 

5 between the two magneite iayers. 

[001 51 in HGCOf dance with an additional featM re of i;he 
memory device of the present invention, \he memoiy 
celis are cofinected to one anothe r by perpendicu^^ 
sal lie electrode lines , and the magnetization easy axis of 

ffi fr^Q rrjaqnetlc i^yer is switched by applying voltage 
to the motairie li nes connected to the memory cells when 
infcmiation :is written In momory cells. 
[00163 in acoordanoe wHh an additional feature of the 
memory device of the present invention, information is 

?5 read out by reading the relative spin directions of the 
free and fixed magnetic layofs in such a way as to appi^? 
current to the metaiiicelecf rode lines and readthe mag- 
neto resistance value of the tree and fixed magnetic lay- 
ers, that is. a rnagnetoresfetanee value between vertir 

20 caliy and horizontally arranged spins, 

[0G1 7] In accordanee with an additional teature of the 
memory device of the present invention , the spin direc - 
tions are determmed by verlicaland^ honzontal magnet- 
ization easy axes, so the spin directions are free from 

25 interaction between the spins of the ceils. 

{00181: in aecofdance with an additional feature of the 
memoFy device of the present inv^intion, the spin direc- 
tions the spin-fixed layer and the spin -free layer are. 
detenrrined by magnetization easy axes, so the ni agnet^^ 

30 Izatid h isasy axes cain be mai ntalned uhd^r a su perpar- 
amaqnetism etTect, which is generated when the size of 
the ceils is reduced, by strong magnetic anisotropy 
caused by stress, and the deletion of info fnnaiiG;n can be 
suppressed: 

35 roaiB] in acc^ordance with an additional feature of Ihe 
memory device of the present invention, whcii voltage 
is applied in a vertical direction of the memory cell plane, 
diagonal me^alllG ©lectrdde lines are additionally ar- 
ranged, and information is read out by appiying; current 

40 to the diagonal and horizontal motaHic oiectrodo iinos 
connected th© memory oeUs. In this cas^v 3 metafiio 
iines are necessary for wilting and reading Information:. 
im20] In accordance with an additional feature of the 
magnetic merhdry of the presem Invention, each of the 

45 metaliic electrode lines is divided into a path for applying 
voltage and a path for applying voltage by an insulator 
so astopr^^enttheflGWof currentthrough the magnetic 
layers when the voltage is applied in a horizontal cfiree- 
iion of the memor^^ cell plane. 

BBIEF DESCRIPTION OF THE DRAWINGS 

0)021 ] The above and other objects, features and ctj-i- 
er advantages of the present invention will be more 
55 ejeariy iinderslood tram the following deiailed descrip- 
tion taken in corijunction with the accompanying draw- 
ings, in which: 
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Ffg. la is a design drawing; of pie^QeleG^^^e/mag^e^ 
ic/aleetrode hybrid sysfem to whieli a methcs^d of 
coritrofling a magnetization easy axis using vollagia 
acQording to ih« presenf inverition is appiied- 
Fig. 1b Is a diagram showing ttie cross sections of; 
Pi electrodes and the certcepl of magneij^alion 
easy axis swiLching caused by an appiied Blecinc 
field (E); 

Figs. 1e, 1 d and 1 s are rTilcroseopic plan views of 
the hytorld system of the present inyentiorr; 
Fig. 2a is a view showing geometry tor measurmg: 
iongitudlna! and polar Kerr signals in the hybrid sys- 
tern of th^ pm^ent rnvantfon ; 
Figs. 2fo and 2c are vievv^s showing Kerr eliipticities 
and rotation magnetic hysteric cun/es dlfferentiy 
measursd aocordm^ to the variations of voftage, re- 
spectively; 

Figs. 3a and 3b are graphs showing the variations 
Of longitudmal ahd polar Kerr signals according to 

yoltaQG havinQ various sine waveforms in the ran 90 
of ±10 V at a frequency of 03 Hz, respeetively; 
Fig, 3o is a graph showing the variations of polar 
Kerr rotation signals according to voltage having 
various wavofGrrh& in th^ range of ±10 V at O.S Hz 
under ah apf^iied magnetic field of 1 50 Oe: 
Fig, 3d Is a gmph showing the variations of polar 
Kerr rotation signals according to frequencies hav- 
ing various sine waveforms with voltagis being hibd" 
ijlated in the range of ±10 V: 
Fig. 30 is a graph shbvvihg the varlatiohs of polar 
Kerr rctstion si canals according to voltage ampli'- 
tudes having various sine vi/aveforms at 0,5 Hz, 
Figs. 4a and 4b are views showing two types of 
nriemory cell ar!"ay and address struGtu res in the 
case where voltage is applied io a iilrn-iByered 
plane in v&rfical and horizontal directions; and 
Figs. 6a and 5b are views showing two types of 
memory Gells each having a hybrid staiCture of pi^ 
ezoeleetric/magr^etic/eiectrode in accordance with 
the preseni invention, 

DESCRIPTION OF THE: PREFERRED 
EMBODIMENTS 

[0022 J The present invention utilizes a hybrid system 
of pie^oelectfic/rnagnetic films. One of the most impor- 
tant requirements for the implementation of low vo ltage- 
driven spin switching using a piezaeleGtrio/maghetie hy-- 
brid sysism is the switchabiiity of magnetization dlree- 
t ions by eontrolling a smaii amount of change in the in- 
ternat strain of a magnetic layer. I'he inverse magneto- 
strictive effect of the maghetic layer makes^ this p<jssible 
since a piezoelectnc layer which has a Signifieaht elec- 
tflG 1 ieid-driven {attiee change due to permanent dipoies 
of positive ly and negatively charged iona, can induce 
sufficient stress on the magnetic layer, As materials sat- 
isfying these requirements, an ultfa-tfiin CoPd (cobalt- 
palladium) alloy f iim and PZT (lead-zirGonare-titanate) 



are chosen as the magnetic layer and the plezQeieGthG 
layer, respectively/The former is known to have a large 
inverse magnetostrictive effect, that is, a significant 
change in magnetization directions in response to ap- 
5 plied stress., w herea$ the latter is kn own to h ave a eon- 
siderable piezoeieciriciiy and inverse eieclrosirictive ef- 
[ect. Additionaily, PLZT BIX SST and LiNbO^ can be 
used as the piezoelectnc layer, and AB (A designates 
Co, Ni, Fe or the iike, B designates Pd, pt, Au, Qu or the 
jike), ternary or more alloy line materials, such as Co, 
Fc, M. Pd, Pi, Au, Cu. or TbFcCQ lino oicment can be 
used as the magnotic layer, 

[0023] Hereinafter, emfocdiments and escamples of 
the prcjsent invention am described with referonc^tothe 

75 accompanying draiwings. 

[0024] Fig. 1 a is an explodad perspeCiive view s h ow- 
ing a hyttrid system of piezoelectnc/rnagnetic films in 
which TiOy Is deposited on an MgO substrate, a Pb 
{Zr5^Th_^)03 layer 13 is arranged on the TiO^.-deposiied 

M McjO substrate 11 with patterned Pt si ectrode 12 inter- 
posed therebetween, and a Pd/Co2Pd--2^Pd layer 14 is 
arranged on the Fb(2rjJ]^.^)03 layer 13. A method of 
spin -switching of a teitamagnetie film is implemented by 
the hybrid system that is comprised of a piezoelectrib 

25 layer and a magnetic layer. As described above, a PZT 
may be employed as a piezoelectric eiemenl constitute 
ihg the piezoelectric laye^^ ^ GoPd alioy film may 
be smoloved as a ferhomagnetic Gisment Gons/tituting 
the magnelic layer, in order to obtain sufficiently large 
electric field between the neighboring Pt eleGtrodes 12 
by the appllcatian of low voltage, microscale-patterned 
Pt electrodes are ernployed as the Pt electrodes 1 2, so 
a sufficient electrostriii^lve effect is generated at a givian 
voitane. in the hybrid system, a plurality of layers are 

35 disposed with one on lop of another In the order of a 
MgO substrate and a TiOy layer 11, Pt electrode lines 
each having a thickness of 50 nm. a width of 5 um and 
a spacing of 5|i:rn and Pt pads 12, a PbiZrxTi-i ..jO^^ layer 
having a thickness of 100 nm 13, and a Pd/CG^Pd-{.^Pd 
layer 14. Such pattcmed Pt p lectrodos 1 2 arc design o d 
to achieve alternate charge pQiarization when sufficient 
vditags is applied. 

piQ2S] Fig, l b is a diagmm s h owing the cross sections 
of Pt eJectrodes and a spontaneous: spin switching con- 

4o cept. wherein the dotted arrows designate directional 
electric field lines. When an electric field is zero, a spin 
direction resides on the plane of a film. This is due to 
typical fiihi shape anisGtropy caused by dipoie-dtpole In- 
teraction. [It contrast when a certain electric field is ap- 

50 plied, the lattice expansion of the PZT layer caused by 
the considerable eleetrosirictipn of the PZT layer and 
tehslle stress generated In the GoPd alloy layer follow. 
As a result, the Inverse magnetostriGtive effect of the 
friagnelic GoPd ailby film causes a magnetization easy 

55 axis to displaced from in-piane to out-oFplane, thus 
causing spin direction switching, in this case, the texture 
of the CoPd alloy film is a (111) plane, and has a nega- 
tive magnetp^tfictipn constant of abput-1 0'^. 
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[0026] Figs 1 I d and 1 e are mtcroscopic plan views 
of the hybrid system to which the spin swtteining drive 
fTiethQCi; m tha present invention is appUsd. in the&e 
drawiftgs, the aboye-described iayered structure is well 
myStrateei. and dlffsrant scales are applfed thereto, m 
more delBiL in Fig, IcjsfefenGe nufnerai iS clesignales 
a MgO/TiO/PZT/Pd/CDpQ/'Pd liiyefedslraeLure porlion;, 
reference numeml 16 designates a MgOfUOfPX/PZ7/ 
Pd/CoPd/Pci layered structure portion, reference nu- 
meral 1 7 designates a portion to wh ich a laser beam is 
transmiltod, fctorene^ numeral 1& doslgnates a MgO/ 
TiD sybstfi3te, referencG numerals 19 and 20 designate 
goid wires, snd reference numera! 21 designates a 
54gOf np/Pt layered struGtu re portbn. Fig. i d is an en- 
larged view of a diplt^d iins section of Rg, 1c, wherein 
raferenGe nu^neral 22: designates a Pt pad, and: refef^- 
ence numerBi 23 designates Pt elecirode lines. Fig. 1 e 
\s an enlarged view of a dotted iine se<:^tlG:n of Fig. I d 
(see reference htifneiral 24). 

;[Q027} in the present invention, in order to deposit 
GoPd aiioy :iayer$ directly on top of the P2T substrate, 
an alloy film was put into an ultrahigh vactiom ehamter 
and was grown with an electron-beam evaporator at 1 .5 
A/min under a pressure of 1 x 10"^ Ton; Altera 16-A- 
thick f^d oapt)mg layer was deposited to prevent oxida- 
tion, the chamber was vented to feiond two Pt electrode 
pads wfth two external goJd wires for applying voltage 
^see Fig. Id), ih prderto examine whether the Pt elec- 
trode?, were weil eonneeted, capacitance between Vr\e 
nearest neighboring Pt ejectrodes Was measured via m: 
impedance analyzer. The measured capacitance is in 
good c^greement with the expected value calculated 
based on the electrdde geometry and PZT cnaradteris- 
tics. 

[0Q2BJ Rg . 2a s hows t he geomeLr y (o measure io n g i- 
tuGiinai and polar Km signais, Whef:© the magnstie field 
direction lying on the light scattering plane is parallel to 
the fiirn pianetor the iDngftudinaj case and the magnetic 
field direction lying on the iight scattering plane is per- 
pendioatartotho film plane for the poiaf case. Figs. Zb 
and 2c show the magneiiG hysteresis toops meaisur^d 
as a function of voltage, where the Kerr ellipticity and 
TP ration are simultaneously measured. The longitudinal 
Kerr eliiptiGity and the polar Kerr rotation ane illustrated 
m Figs, 2b and 2c, mspectivsly. Their different direction- 
al sensitivity to the rneasurernent geometries as well as 
their intrlrfSic differenee in size are showed. 
[Q029] As shown in the nieasurerhent geometries of 
Fig. 2a, spin switching according to change of voltage 
applied is measured through the longitudinal Kerr ellip- 
ticity and the polar Kerr rotation. The Kerr elifpticity at 
zero voltage shows a square loop with airpost 90% ro- 
manence (see Fig. 2b), whereas the corresponding po- 
lar Kerr rpiatipn shows a typical hard axis loop (see Fig. 
2e) . This Indicates th^t the spontaneous magnetization 
lies on ihe film plane at zero voltage. As the applied volt- 
age increases; the longiiudinal ellipticity loops becoma 
slanted and then disappear at ±10 and ±16 while the 



Correspondmg pQiar . rotation loops become nnore open 
and look like minor loops because of the iinnited strength 
of the magnetie field applied for the magnetisation sat- 
yratiori. As dascnbed above, the phenomenon that a 
5 magnetization easy axis is; switched aceofding to the ap- 
plied vOiiage can be apparently seen ffOrn changes in 
the shapes of the loops, 

[0030] The Kerr rQtatior^ and elliptieity signals were 
measured with respect to both a yafVing voltage and a 
fo varying magnetic field under atrnospheric pressure us- 
ing the rnagnelo-optiGa! Kerr effects, where a magnetic 
field is applied along the film plane (longitudinal) and its 
normal {polar) direction by rotating the sample^ as 
shown in Fig. 2a, For both cases, the field direction lies 
ts \n the; light scattering plane, A laser bearn is incident at 
45 degrees frorti the film plane, which has a size of about 
0.7mm in diameter illuminates only a local area of mag- 
netic films placed mostly on patterned Pt electrodes. 
Here, the Kerr elliptieity and rotation were ob^ewd 
through the reflected intensity by separating theflrst and 
second harmonics of a photo-elastic modulator. The 
spin switehmg phenomenon caused by a magnetic field 
or voltage ca n be observed by nieasurirjg both signals 
at the same time. 
^5 [0031 ] Figs . 3a and 3b are graphs showing Kerr sig- 
nals according to vettage varying in ttie forn^ of a sine 
wavefomi m the range of ±10 V at a fret^uency of 0:.5 
Hz, wherein longitudinal and polar signals are observed 
In magnetic fields of 0 Oe and 1 50 Oq, respeciiveiy. Rg. 
30 3c Is a graph shewing the varrations of polar Kerr rota- 
tion signais according to voltage having various wave- 
forms in the range of t1 Q V at 0,5 Hz under an applied 
magnetrc field b! 150 Oe, wherefln thin fihes detSigf^ate 
yyawfofrris Of aDpnod VDitage. Fig. 3d is a graph 
55 showing the var iattens of polar Kerr rotalion signals ac- 
cording' to frequencies each having a sine Vi/avefonti 
witii vQltago being modulated In the range of i1 0 V. Fig,. 
3e is a grapfi showing the variations of pebr K^^rr rota- 
tion signals accordi ng to. voltage amplitudes having: sine : 
4£) wavefonris at 0.5 Hz, 

As described above, longitudinai and polar 
Kerr rotation signals measured versus the sine wave 
modulation of voltage are shown in Figs. 3a and 3b, re- 
speciiveiy. The Kerf rotation signals exactiy follow a 
45 waveform the seme as that of the applied voliage rang- 
ing from "1 0 V to -f- 1 0 \/. The observed frequenGy of the 
lanqitudinal Kerr rotation is two times faster than that of 
the applied voltage, since the longitudinal Kerr loops 
show an even response with respect to the voftags. in 
50 contrast, that of the polar one is of a frequericy the same 
as that of the voltage, since the polar Kerr loops are in, 
odd response to the vQltage , It shbuix^ be noted that the 
variation of voltage induced the oscillations ol the Kerr 
rotation signals. This apparently proves that voitage- 
55 eontrollabie spin switchhg is possible in e reversible 
manner in the CoPd/P2T hybrid system. 
[pOS3) The present Invention investigates spin switch- 
ing behaylGrs responding to the various ytfaveforms of 
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yoitage ranging -lOV to -^1GV at a freque^ncy of G,5 Hz 
6t various frequencias and various votlage amplitudes. 
Observed Kerr rotation exactly foiiows the waveiomis 
of the applied voltage and the f requenGy of the vo3tage 
in a reversible manner. As thesizeaf the applied voltage; 
is reduced, tlie ampli tude of the Kerr rolrilfDn is also re- 
dyeed. in Figs. 3q, 3d and 3e, oniy polar cases are illus- 
trated. The signals of the Ke?t rotation vv^ere measured 
under the applied field of about ISO Qe, since signals: at 
a zero magnetic fieid are small ciompared with those at 
a higher magnetic field, which is prescntGd by tho volt- 
age dGpcndence of n^agnqt ic hystofesis loops showrt in 
Figs, 2b and 2c> Kerr signals from a bare Pt glectfode/ 
PZT sarnpte without the oepDs il ion of GoPt layers were 
nieasured, but Kerr signai^ are not observed in: the hy- 
brid system of plezoelectnc/n^agnetic films. This clearly 
shows that the spin switching controiled by voltage in 
the hybrid system is not caused by any electro- and 
magneto-optical effects of the PZT Itseit but is rather 
ascrfced to spin-reorientation transition in CoPd alloy 
films by an inverse piezoeiectne effect of the PZT sub- 
strate and an inverse magnetostrlctive effect in the pure 
magnetic layer. 

[0034] Irs accordance with experimental results for the 
present invention, the hybrid system of PZT/GQpd may 
be pewerfLi! tech no logy for spin switching that can be 
controlled with voltage without {he applfcation of an ex- 
ternal magnetic field. However, when voltage is zero, 
that Is, power is remeved, remnant magnetization was 
not showed yet. While power is removed, the presence 
of sufficient remnant magnetl/ation is essential to non- 
volatile memory devices. Accordingly, tt is necessarY to 
achieve spontaneoas ma^nettzation-riysieretlc behay> 
tor with respect 10 voltaoe at a ^ero voltage. Optimizing 
the thickness and composUion of Ihe GoPd alloy f ilm as 
well assearchingfor the appropriate electric fleld versus 
strain behaviGr of the pie2oeleGtrio layers can create the 
considerable voltage-drive n hysteretic behavior of the 
spin svyitching- Additionally, if intervals between neigh- 
boring Pt electrode lino boeom.o shorter, groater dipoie 
polarization can be occurred by the applied or iess volt- 
age, thus considerable spin switching to perpendicular 
orientation is created. The more the inlefvals between 
the neighbonng Rt e<ectfode lines are reduced, the 
greater density and the lower requtred ppwer are: 
achieved. 

[00363 meantime. Giant Magnetoresistanee 

(GMR) effect can be employed as a readout means. This 
Is because the noncoliinear relationship of spontarieoifs 
magnetizatten directions between in-piane and out-of - 
piane easy axeS: can create eonsiderable Gf/rR un order 
to achieve superior signals in an actual device, it is nee- 
essary to employ certain line materials having great 
magnetorssistance and magnetostriction constant 
That % ternary or more alloy line matenafe of Go, Fe, 
N), Pd, PL Au, Cu, W and the like may be used. 
[Q036] Hereinafter, a memory to which the spin 
switching driving method is applied is described. Fig^. 



4a and 4b are views showing two types of memory cell 
array and add ressing structures, respectively; A plurality 
of metallic eiectrode lines are arranged to apply voltages 
to respective cells, and the cells are disposed on the 

5 metaiitc eiectrbde lines. 

[00371 ihe case of a ceW array lype 1 shown in Fig. 
4a, when in forma lion is written > voltage is applied to 
each of GO rrespo n ding cells using some of the electrode 
lines a and b that are coRaecfed to the cell. In contrast,: 

ro when inforrnation is read, current is applied through 
some of thc:eloctrodo lines "a" and "g" (diagonai olcc- 
trodc iinp) and resistance is measured using arriagnetjc 
i^sistoc Accordingly, the ciectrodes -'a", V and "e'' are 
paths through which vGltage is apptied to corresponding 

'^P ceils so as to write infoimation and current is applied to 
con'sspondUig ceii$ so as to read information. 
[0038] In the ease of a cell array type 2 shown in Fig 
4b: voltage and current are applied to corresponding 
cells through electrode lines ''a-' and so as to write 

20 and read Information . i n this structure, each of the elee^ 
trocie lines "a" and "b" are separated into a path for ap- 
plying voltage and: a path for applying current by an in- 
Buiatbr Consequently, fourtypes of electrodellnes exist 
in th is stnicture. The detaited structure will be discu ssed 

25 later; 

roQ39J Figs. 5a and 6b are diagrams showing the ceil 
structures of MR AMs, which illustrate the memory cell 
surrounded by the ddtted-!ine portien of Fig . 4a and the 
memory ceil surrounded by the dotted-line. portion of 

30 Fig. 4b in detail, respectively. As depicted in theise draw- 
ings, each of the layered magnetic tllms is compFised of 
a free magnetic layer 22 or 32 that can be spin switched 
by the voltage of a piezoeiectrie layer 21 or 31 , a fixed 
magnette layer 24 or 34 in which a spin easy axis isfi>^ed, 

55 and a non-magnelic layer 23 and 33: that suppresses 
the magnetic interaction of the two magnetic layers 21 
and 14, or 31 or 34^ 

[00401 In the rnemoiry icell of type 1 shown in Fid. Sa, 
the verttca! or horizontal spin direction of a free magnetic 
layer 22 is switched toward a horizontal or vertical piano 
re^ectlvefy by applying voltage to a piezoelectnc layer 
21 th rough elements 25 and 26. Additionally, informa- 
tion can be read by applying current through elements 
26 and 27 and reading a magnetoresisfance value ac- 

^5 cording to the relative spin direct ions of the free mag- 
netic layer 22 and a fixed magnetiG layer 24. 
[0041 ] The membr\' cell of type 2 shown in Fig, 5b Is 
different trpm the memory cell of lyfpe 1 shown in Fig. 
5a in that the directions of voltage and currerit are not 

50 veriicai directions but honzonta! direGtions. in order to 
apply voltage to the piezoelectric layer 31 , metalltc elec- 
trode lines are :separat0d from, paths 38, 38 ahcl 40 used 
to allow current to flow by insulating layers 41 . Accord- 
ingly, when voltage is applied to the metallic line, eu r rent 

^ dQesn1:flowtotheTmgneticfHmsJhuspreventi^ 

age drop phenbmenGn. When information is read, the 
relMive spin directions of the two magnetic layers 32 and 
34 can be read using magnetoresistance by applying 
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current thfQUgh the metallic electrode lines 38, 39 and 
40. The memory cell viewed fforrt above is iiiustrated in 
the dotted-line cm\e of Hg. Sto, 

[0042] As 0e$crib0d above, the present 'inyention pro- 3. 
vides a voitage-drlven spin xJlreeffen swljcftjng rrieihod: s 
IhaL is capable oi !oca!izing spin swilching drive lorce on 
only celis on which inrormation is wfiiien, by applying 
x^oltage IriSteacj of appV»f^9 external magn etic fiejd, 4. 
so a nonvolaiile ultrahigh density, low power magnetic 
memory having a capacity of 128 or more iVlblt can be 
irnplemoFJted In a MRAM, This is an esson^af infernna- 
t!on writing method for a MRAM having a capacity of i 
Qi'mt Adciitlpnaiiy, when ttie present Invention is em- 
ptoyed;. the existing chiEiracteristlcs oi a terromagnetic 5, 
material and nr^anufacturing prcxi^esses used for a FeR- 
AM cm be used Additionally, the mefhed of control ffng 
the magnetisation easy axis of lerromagnelio fiims using 
ypftage according io the present invenrion can be ap- 6> 
plied to practical rtiagnstlc devbes, mch as magnetic 
sensors and digital reading h oads . as well as nGnvoiatiie 
MBAMs, Adrntionally, the present invention employs a 
magnetizatlofi easy atxis Itself, that Is, vertical and hori- 
zontal anisotropy, instead ot employing opposite spm di- 7. 
rectioas on a Rirjglerriagneti^ation easy axis, so securiiy 
of recarded Infermallon against aii externa] magnetic 
fieW is assured. Additionally, the InforrnatiQn writing, 
method using magnetization easy axes can bvefcorne 
superpararnagnetisni that may OGGorwhe^ the.size of a 
magneiic material rariges from several nm to several 
tens of nrn, thus improving the recordir^g derislty 0f a ^ 
memon/ device. 

[Q043] Afthougn the preferred embodiments of the 
present invehtfoh have been disclosed for iHustraiive 
purposes, those si<il led in the atl will app reel ate that var- 
ious modilicalions, addilions and sybsLiLulions are pos- 
sible, without departrng trprn the scope and spSrit of the 
i n vention as disclosed In ihe acpompanyjhg daims. 



Claims -^^ 

1, A method of controlling a magnetization easy axis 
of a ferrGniagnetic film using voitaQe. eomprising 
the Steps of: 

arranging an electrode layer, a piezoelectnc 
layer and a magnetb layer In a layered stnjc- 

ture: 

appiying voltage to the electrode layer to gen- 
erate ah electric f^eld, wherein the electric field 
causes a lattice change in the piezoelectric lay* 
er, and stress onto the magnetic layer induced 
by the lattice change yields a switching of the 0, 
magnetization easy axis between ifi-plane and 
out-Qf-plarte in a reversible manner. 

2. The nnethod according to ciaim 1 . wherein the pie- 
2:oeleGtrjc iaysr fe comprised of a piC^oeiectric ele- 



ment made of any one selected from the group con- 
sisting of PZT PLZi; BLT and SBT 

The method according to claim 2, wherein the pie- 
zoeieetrtc lay^ has a thicKness eq ual to or less than 
5Q0 flm. 

The melhod according to claim 1 wherein the mag- 
netic layer is comprised of a magnetic element 
made of any one seiecied f n3m the group consisting 
of CoPd and ABC (A: Go, Fe or Mi; B: Go, Fe or H\, 
and C: Pd, Pt Au, Gu, Al or W) alloy films. 

The method according to claim 4 , wherein the mag- 
netieiayer ha$ a thickness equal to or less than SO 
nm. 

The n'lethod accord iTig to ci aim 5, wherein the elec- 
trode Ii-jyereomprises metallic eiectrode fmes made 
of any one se lected from the grbUp consistihg of Pt . 
Pd, Gu, A(, Ru and W 

A nonvGiatile, ultrahigh density, low power maghetlc 
memory comprising an array of memory ceils and 
using a method of cont rolling a magnetization easy 
axis of a ferromagnetic f ilm using voltage: each of 
the memory cells comprising: 

a piezoeiectric layer comprised of a piezoelec- 
tric ejement: 

a free magnetic layer disposed on the piezoe- 
lectric layer, w herein its magnetization easy ax- 
is is reverstbiy switched between iri-plahe arid 
outof-plane by stress induced by the plezoe- 
leclric layer id which voUage is applied; 
a non'-magnetic layer disposed on the free 
m:agnetic layer; 

a fixed niagnetie layer disposed on the hdn- 
magnetic layer wherein its magnetization easy 
m\5 is fixed and the non-magnetic layer is in- 
terposed between the free magnetic layer and 
the fixed magnetic iayer to suppress magnetic 
interaction between the two magnetic layers. 

The j\nnvo!atile, ulirahigh ciensitV; low power mag- 
netic memory according to claim 7, wherein the 
mem»Ofy ceils are connected to one another toy hor- 
izontal and vertical metallic electrode lines, and in- 
form»alion is written by switching the magnetizatioii 
easy axis of the free magnetization layer by apply- 
ing voltage to the meialfic electrode lines. 

The nonvoiatiie, ultrahigh density, low power mag- 
netic memery according to claim B. wherein infor- 
mation is read out by reading the relative spin di- 
rections of the free and fixed magnetic layers in 
such a way as to ^ly current to the metallie elec- 
trods lines ar\d read magnetoresfstarice values ac- 
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cording to the FslatlveBpln direction of the two rnag- 
netie lamm. 

10. The nQnvoiatiie, uftrahigh density, low power mag- 
netic mem Dry accordlii g to claim 9 . wherein , w hen s 
the spm directions of Ihe free and fixed rnagneyc 
layers are variical and hori^ionlal respecUvely, and 
vi<5e versa, the reading of the r&l^iva §p[n direcd^on 
is earned Dt3t by reading magnetoresistanoe vafues 
of the twci magnetic IBi^bts and the difference be- >^ 
tweon the val ues.. 

Tha mrrvolatils, ultrahigh density, iow power mag^ 
nelic memory according to claim 10, further com- 
prising diagonal rnetgtf^^^ wherein in- 
fdrmatiGfl is read oijt by applying eurrenl to the di- 
agonal and horizontBl metallic electrode lines con- 
nseled the fnemofy eelis , when voltage is applied 
in a vertical dfrectior> of the memory oefl plane. 

20 

12> The nonvoiatiie, ultrahigh density, iow power mag- 
netic rheniory accGrding to cl^m further eom- 
pn^ihg insulate rs which divide each of the meiallic 
0[6e^¥t)de iine^ into a path for applying voltage and 
a path fpr apiPlying; current, in order to prevent Ihw 
of mmnt through th© magnetic layem, when the 
voltage is applied in a horfeontgl direction oT the 
memoty eell plane. 

13:. A method of writing information In a hdhvolatile, u]- -sd 

tranigh density, low power magnetic memory using 
a method of controsilng the magneti2atiQn easy axis 
of a ferromagnetfc film u^ing voitage, 

wherein a method using two perpendicular or 
noncollinear magneti/:ation axes m employed in- 33 
stead of a method using Iwq sptn st^p@ having c^^ 
posite directions in a si ngte magnetization easy ax- 
is, so: deletion of inf orm ati on is prevGrAed in spite of 
instantaneous exposure to cin cxtcrnfl! mcignetio 
fieid greater ihm coercivily of the ferronriagnotic 
film. 



45 



SO 



55 



EP1 318 523A1 



DRAWINQS: 




FIG. l a 



EP 1318 523 A1 



When E Is appled 




MgO /TiO 




FIO. lo 



EP 1 31S 523 At 



400 iim 




FiG. le 



EP1 318SQA1 




EP1 318 523 At 




mQ,2c 



EPt3t$523Al 





TimB (srti. units) 



EP1 31«§23At 




1km Carb. units) 



EP1 3t8S23A1 




Time(«rb. ifoits) 

FIG. 3d 



EP l 3ia S23A1 



2V 



^ V V V V ^ V V v 

\AAAAAAAAi.v 

^ vvvy V vvv V 



Tims i&rh. iiBlts) 

FiO. 3e 



EP1 318S23At 



b-1b-2b-3 • • • 




c-J e^2 c-;3 « • • 
FIG. 4a 



BP 1 318 523 A1 




EP1 318 523 A1 




Fi a. 5 a 



EP 1 318 523 A1 




FIG. Sb 



EP 1318 523 At 



•A 



EUEQPBm SEARCH REPORT 



Applfcs^n Number 

EP 02 25 83Si 



DDCUMEMTS CONSIDERED TO BE r?ELEVANT 



Category 



Gitetbn cf document with srsdcation , whem apjsrbpFfstei 
erftelevanft passages 



Relevant 
toctaiw 



CLASiatf idA«0N OFTIilE 



OP 2001 0847S5 h (SONY CQRP); 
SB March 2081 

^& US 6 483 741 Bl (IWASAKi YOH ET AL.) 
19 Nov^#er 2802 {2002-11-19) 

PATEMT ABSTRACTS OF JAP^I^ 
vol. 010, no. 157 (P-464), 
5 Jane 1986 {1986"e6-D6) 
^ JP M QO9890 A {FUJITSU KK], 
17 January 1986 (19^6-^1-17) 

* abstract * 

JP 2GSi 028466 A (SONV CORP) 
30 January 2Sni (2881-81-30) 
figure 2 * 

* figure 6 * 

US 5 390 142 A (GEf^DLIN SHJHON) 
14 February 1595 (1995-02-14) 

* cciiyjTin 3 * 

SaiELP L r ET AL: ^'Magnetostri ction of 
Co/Pd multilayers" . JWRNAL OF MASHETiSH 
AND HAS^IETie MATERIALS. ELSEVIER SCIENCE 

pyBLISHERS, AHSTERD^, UL, VOL, 139, SR. 
1-2, PAQE(S) S9-64 XP0e4e67684 
ISSN: S394-8853 

* the who] e document * 



1-13 



GIlCll/16 
GllC 11/15 



1-13 



1-13 



1-13 



TECHNICAL {^iEtOS 



SliC 



The iaressnl searoh rfepbrt ihijs been draw^w up fer afl q}«^ffr>s 



Date Qtl cfyrpJetin.-, cjf ih& setircii- 

2 April 20t)3 



T : thewry u: pfinytpb ui^tieriying Uve invention 
E . eartier patent db!;uro<Jht, byl published eh, or 

L ; dbcumenl cstsci fdr other iea^cns 



EP 1 318 523 At 



ANNEX TO THE EUROPEAN SEAHCH REPORT 
ON EUROPEAN PATENT APPUCAtJON NO. 



EP S2 2S 83S1 



This anndx lists the oatart family mecintsets rel^ng to the patent <to3iuro«jfe eiJBjJ iB ab^a-meofowwS eMfopewi s«SBt*i report. 

Tlie members are as o»rtaifle!<J in the Eui^^ , ^ t s » 

Tfj» E uropean HaJ©f U3«ie* is in fioway 6^efsff »esep9i*kxii»rs wtts*[ *s me;«iy gi»en.tof1h6pari»^ofWfem>a»<>n. 

12-84-2903 



patent do cufnent 



date 



Publicatjon 

date 



JP 2Q91D84756 



30-03-2891 US 
17-01-1986 JP 



6483741 Bl 

1593318 C 
2015951 B 



19-11-2Q82 

14-12-1998 



a? 200102846& A 
as 5390142 A 



30-01-2001 ys 



14-02-1995 



WO 
AU 
EP 
US 
US 

us 

JP 

m 



&3874?6 Bl 

94ZS552 Al 
4393.093 A 
8700571 Al 
5602791 A 
SI17235 A 
57G7S87 A 
8510867 T 
2124765 CI 



14-95-2092 



08-12 
20-12- 
13 -03- 

11- 02 

13-01 

12- 11 
10-01 



•1994 
■1994 
■1996 
-1997 

4998 
■1996 
■1999 



% For more detajls abcut ihis aFinax ; ses OKioia! Jciurnal otinS: European PialwitOnicB, Ms. 12/^ 



